Abstract: Many polyketide-derived natural products contain a synor anti-1,3-diol unit. No general and simple approach exists for the flexible synthesis of polyols and other polyketide-derived structural units, therefore a multitude of methods for the stereoselective synthesis of 1,3-diols has been developed. Asymmetric homogeneous and heterogeneous hydrogenation and diastereoselective reduction, chain elongation, enzymatic and nonenzymatic desymmetrization, or dynamic kinetic resolution are some of these methods. The development of different methods to synthesize these 1,3-diols stereoselectively is important, as often small structural changes in a molecule result in low yields or low stereoselectivity with a known method. This review article highlights some of the recent developments in this field.
Introduction
Nature has evolved a flexible and iterative approach for the synthesis of 1,3-polyols and aldol compounds possessing a broad structural diversity. Polyketide-derived natural products, many of which contain a syn-or anti-1,3-diol unit, have attracted much attention, particularly since they belong to the most potent class of biological compounds known. The polyketide maitotoxin, for example, is the most toxic non-proteinogenic compound isolated as a natural product.
The combination of highly specific biological activity and broad structural diversity is challenging for synthetic chemists, yet nature uses only a few building blocks like acetate, malonate, propionate or butyrate for construction of a broad structural diversity.
Since humankind has not been able to replicate nature's general approach for the flexible synthesis of long-chain polyols and other polyketide-derived structural units, a plethora of methods for the stereoselective synthesis of 1,3-diols has instead been developed: asymmetric homogeneous and heterogeneous hydrogenation and diastereoselective reduction, chain elongation via radical mechanisms, enzymatic and non-enzymatic desymmetrization, and dynamic kinetic resolution, to mention just a few. This article is not intended as a comprehensive review of this field, but rather highlights some of the recent developments. Far more than 1000 publications have appeared during the last 15 years dealing with aspects of stereoselective 1,3-diol synthesis. From this huge collection, we chose less than 20%, meaning that many more meth-Use of trimethylsilyl triflate as promoter resulted in the formation of a single diastereoisomeric product. Use of BF 3 ·OEt 2 or trimethylsilyl triflate enabled mild and selective coupling with dialkyl zinc reagents. 10 Moreover, coupling with alkynyl organometallics to generate acetal-protected propargylic anti-1,3-diols, which are themselves precursors to allylic E and Z anti-1,3-diols, 11 was demonstrated. In 1999, Rychnovsky and Powell gave a full account of the coupling of dialkylzinc reagents with 4-acetoxy-1,3-dioxanes, including effects on the selectivity. It was shown that a great variety of functional groups was tolerated. 12 Phenylselenoacetals like 3 were used as intermediates for anti-selective carbon-carbon bond formation via a radical mechanism (Scheme 2).
8
Scheme 2 Radical carbon-carbon bond-forming reaction. 7 Reductive lithiation of thioacetals like 4 resulted in 4-lithio-1,3-dioxanes 5, representing synthons for syn-and anti-1,3-diols. The kinetically preferred axial alkyllithium reagent 5a could be equilibrated to the equatorial one 5b (Scheme 3).
13
Scheme 3 Phenylthioacetals as precursors for stereochemically defined alkyllithium reagents. 13c The quality of equilibration depended on the kind of acetal substrate: equilibration worked very well for unhindered acetals, but was not effective in hindered systems. The axial isomer 5a underwent selective kinetic alkylation giving anti-diol acetonides like anti-6 in 75-83% yield. Only a limited range of electrophiles like aldehydes, ketones, some epoxides, dimethyl sulfate, and carbon dioxide, reacted efficiently, whereas simple alkyl halides reacted poorly and with low stereoselectivity. Copper and zinc additives extended the range of electrophiles that could be alkylated with configurationally defined anions. a-Alkoxycopper and a-alkoxycuprate reagents reacted with a wider range of electrophiles, although configurations were not always retained. 14 The stereoselective reductive decyanation of the corresponding cyanohydrine acetonides 8 resulted in diastereomerically pure protected syn-1,3-diols 9 (Scheme 4). 15 Based on this approach, Rychnovsky and Griesgraber developed an iterative and convergent synthesis of alternating 1,3-polyol chains. 16 Here, cyanohydrine acetonide The diastereoselective alkenylzinc (vinyl ether) derivative addition to chiral b-hydroxyaldehydes 19 was developed by Walsh and co-workers. 21 Depending on the configura- Scheme 8 Reaction of allenylzinc reagent with benzyl imine. 20 The resulting b-hydroxy enol ethers could, in principle, be protected and hydrolyzed to prepare 1,3-polyols. The alkenylzinc reagent was prepared by hydroboration of ethoxy acetylene, followed by transmetallation to zinc using diethyl or dimethyl zinc.
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Allylation
The known allylation of b-alkoxyaldehydes under chelation control is a versatile method for the diastereoselective generation of 1,3-diols. 22 Advantageously, allylation can be carried out iteratively: ozonolysis of the double bond yields b-alkoxyaldehydes, themselves substrates for allylation. Brown's auxiliary-induced methodology of allylboration 23 was applied by Ramachandran and coworkers in the asymmetric synthesis of tarchonanthuslactone (22) (Scheme 10).
24
Scheme 10 Asymmetric synthesis of Tarchonanthuslactone using Brown's allylboration methodology. 24 Unprotected b-hydroxyaldehydes were also transformed into anti-1,3-diols via allylboration, although with low to moderate diastereoselectivity. 25 Both syn-and anti-1,3-diols can be obtained with diastereomeric excesses of up to 93% in high chemical yield by allyltitanation of non-protected b-hydroxyaldehydes 23 using the Duthaler-Hafner 26 cyclopentadienyldialkoxyallyltitanium complexes 24 (Scheme 11). 27 This strategy was also applied to the desymmetrization of a meso dialdehyde.
28
Scheme 11 Allyltitanation of non-protected b-hydroxyaldehydes. 26 Paquette and Mitzel described a diastereoselective allylation, promoted by indium, that gave predominantly the anti-diol 25 (anti:syn, 8.5:1) (Scheme 12).
29
Scheme 12 Indium-promoted allylation of b-hydroxyaldehydes in aqueous media. 29 Nevertheless, in a subsequent publication, Sugai, Paquette and and co-workers mentioned that this method resulted in a 1:1 mixture of diastereomers. 30 This observation is noteworthy, since several other examples demonstrate that the stereoselective formation of 1,3-diols can be very susceptible even to slight changes in substrate geometry or reaction conditions (see below).
Keck and Murry applied the known titanium tetrachloride promoted allylation of allylstannanes to an appropriately protected chiral aldehyde to give the anti-homoallylic alcohol 28 in 75% yield (anti:syn, 29:1) (Scheme 13).
31
Scheme 13 Exposure of aldehyde 26 to TiCl 4 followed by addition of triphenylstannane 27 yielded anti-homoallylic alcohol 28.
New allylation methodologies and modifications of known procedures applicable to the stereoselective synthesis of 1,3-diols emerge frequently. 32 Leighton and Kubota, for example, developed strained chiral silacycles Scheme 9 Hydroboration of ethoxy acetylene, transmetallation to zinc, and addition to aldehydes in the presence of a chiral amino alcohol ligand.
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like 29 as reagents for the enantioselective allylation of aldehydes (Scheme 14). 
Crotylation
In comparison to allylation, crotylation enables the simultaneous introduction of two stereocenters, resulting in the formation of four possible stereoisomers. Over the last two decades, selective methods for each of these transformations have been developed. One early example was shown by Yonemitsu and co-workers. In the synthesis of pikronolide, they coupled aldehyde 30 with crotyltributylstannane in a syn-crotylation reaction to give the syn-1,3-diol 31 (Scheme 15).
34
Scheme 15 syn-Diol obtained by syn-crotylation. 34 syn-Diols can also be obtained by double-stereodifferentiating anti-crotylation reactions. Panek and co-workers showed an example in the total synthesis of oleandolide (Scheme 16). 35 The silicon protecting group on aldehyde 32 prevented chelation with the bidentate Lewis acid, while reinforcing Felkin induction. The configuration of the emerging methyl group at C6 in the resulting diol 34 was controlled by the absolute chirality of the silane reagent 33. Roush et al. described the matched double asymmetric reaction of tartrate ester modified crotylboronates 35 with different chiral a-methylaldehydes. 36 By anti-crotylation, they synthesized anti-diols in good yield and with diastereoselectivities of up to 98% (Scheme 17).
The titanium tetrachloride promoted crotylsilane addition of dimethylphenylsilane 33 to chiral b-alkoxyaldehyde 12 by Panek and Jain is one example of a syn-crotylation resulting in an anti-diol 36 (Scheme 18). 37 Presumably, this crotylation reaction using a bidentate Lewis acid proceeds through a Cram chelate transition-state model.
A detailed explanation for the observed stereoselectivity was given by Panek and co-workers. 38 
Prins Reaction
The acid-catalyzed Prins cyclization was used to produce a cis-2,6-tetrahydropyran ring from an aldehyde and a homoallylic alcohol. 39 Unfortunately, this condensation was not applicable to common aliphatic and aromatic aldehydes, which, in the presence of Lewis acid, give homoallylic alcohols following an 'ene' reaction pathway. Rychnovsky and co-workers introduced a reductive acetylation of esters to a-acetoxy ethers 37, providing an entry into the oxocarbonium ion intermediates in Prins cyclizations that resulted in the formation of cis-2,6-dialkyltetrahydropyrans 38 with an equatorial acetate (or halide) at the 4-position (Scheme 19).
40
The Lewis acid (BF 3 ·OEt 2 ) catalyzed Prins cyclization has also been applied to, among others, the synthesis of the tetrahydropyran segment of phorboxazole 39 (Scheme 20), 41 and the desymmetrization of C 2 -symmetric 1,3-diols (see section 8. 
Scheme16 syn-Diol obtained by anti-crotylation in the total synthesis of oleandolide. 
condensation of metal-p-pentadienyl complexes with aldehydes in an atypical Prins reaction (Scheme 21). Moreover, the synthesis of pseudo-C 2 -symmetric 2-methyl-substituted anti-1,3-diols (de ≥ 96%, ee ≥ 98%) employing the SAMP-hydrazone methodology was also described. 47 
3
Aldol Reaction
Aldol Reaction with 1,3-Induction
The asymmetric aldol reaction (in an iterative manner) mimics the stereocontrolled chain growth found in the biosynthesis of natural polyketides. For this, a reagent control of the stereoselective chain elongation would be highly desirable. Very often, however, chelation controls, via 1,3-induction, the newly formed stereocenter (substrate control). 22 An excellent account on the application of stereoselective aldol reactions in the synthesis of polyketide-derived natural products was compiled by Paterson and co-authors. 48 In 1988, Braun and co-workers described a reagent-controlled addition of (R)-or (S)-2-hydroxy-1,2,2-triphenylethyl acetate (44) to chiral a-and b-alkoxy-substituted aldehydes 43 (Scheme 24). 49 The success of this method depended on a low inherent selectivity of such aldehydes towards lithium and magnesium enolates. The products were obtained in high to almost quantitative chemical yields.
Scheme 19
Segment-coupling Prins cyclization.
Scheme 20 Application of a Lewis acid catalyzed Prins cyclization. Scheme 24 Reagent-controlled aldol reaction of 2-hydroxy-1,2,2-triphenylethyl acetate with chiral aldehydes. 49 Evans and co-workers systematically investigated the direction and degree of stereoselectivity in aldol addition reactions. 50 The BF 3 ·OEt 2 -mediated Mukaiyama aldol reaction with a-unsubstituted, b-alkoxyaldehydes 45 afforded good levels of 1,3-anti-induction in the absence of internal aldol chelation (Scheme 25). A revised model for 1,3-induction was presented to explain these results, based primarily on minimization of internal electrostatic and steric repulsion between the aldehyde carbonyl moiety and the b-substituents. In accordance with this integrated model, uniformly high levels of Felkin 1,3-antidiastereofacial selectivity were observed in Mukaiyama aldol reactions with anti substituted a-methyl-b-alkoxy aldehydes. In contrast, variable levels of aldehyde facial induction were observed in the corresponding reactions with syn-substituted aldehyde substrates, which contain stereocontrol elements in a non-reinforcing relationship. Dominant 1,3-stereoinduction arises from a synclinal transition state, preferred for less bulky enolsilane substituents. In accordance with this prediction, the trityl perchlorate mediated enolsilane addition resulted in a dramatic reversal of facial selectivity relative to the BF 3 ·OEt 2 -mediated reaction.
Restorp and Somfai developed a substrate-controlled diastereoselective synthesis of 2-amino-1,3-diols using Mukaiyama aldol additions to a-amino-b-silyloxy aldehydes. 51 Mukaiyama et al. described a stereoselective double-aldol reaction by two sequential aldol reactions of a-bromo ketones. However, the scope of this reaction was restricted to aliphatic aldehydes, and, moreover, stoichiometric amounts of reagents were required. 52 Several examples of solid-phase aldol reactions have been reported, with either the enolate or the aldehyde component linked covalently to the resin support. 53 Provided a suitable conversion to the chain-extended aldehyde can be realized, the latter pathway might be employed in an iterative sense to give polyketide libraries.
The direct amino acid (L-and D-proline, L-and D-4-hydroxyproline) catalyzed asymmetric two-step synthesis of substituted pyran sugars was recently published (Scheme 26). Depending on the catalyst used, several 'desoxy-hexoses' like 46 could be obtained in enantiomerically pure form. 54 A similar enzymatic one-pot transformation is discussed below (see section 7.3). 56 Mahrwald and Costisella established a catalytic cross-reaction of unmodified ketones and aldehydes to yield anti-1,3-diol monoesters. 57 Utimoto, 58 Woerpel, 59 and others applied the aldol-Tishchenko strategy to the synthesis of a broad range of 2-substituted anti-1,3-diols.
Morken, 60 Shibasaki 61 and Mitura 62 disclosed catalytic asymmetric aldol-Tishchenko reactions of two different aldehydes, or an aldehyde 51 and ketone 50, that resulted, a n t i : s y n 8 7 :
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Scheme 25 Mukaiyama aldol addition with b-oxy-substituted aldehyde according to Evans. Successive asymmetric aldol reaction and stereoselective reduction (in one pot) has been applied regularly in the construction of syn-and anti-1,3-diols. Bonini et al., 66 for example, performed the boron-mediated one-pot aldolreduction sequence for syn-polyketide fragments. Morken and co-workers used an enantio-and diastereoselective reductive aldol reaction with iridium-Pybox catalysts and equimolar amounts of diethylmethylsilane. 67 Kiyooka and co-workers 68 described an asymmetric oxazaborolidine-catalyzed aldol reaction of silyl ketene acetal 55, including a dithiolane moiety, with a bsilyloxyaldehyde, which resulted in the highly stereoselective production of syn-or anti-1,3-diols 56. The configuration of the catalyst determined the absolute and relative configuration of the diol (Scheme 30).
Scheme 30
Oxazaborolidinone-promoted aldol reaction of silyl ketene acetal 55 with b-chiral aldehyde 54. 
Vinylogous Aldol Reaction
The vinylogous Mukaiyama aldol reaction has only recently been used for stereoselective addition reactions to chiral aldehydes. 69 In their total synthesis of (+)-lepicidin A, Evans and Black employed the highly diastereoselective vinylogous addition of silylketene acetal 57 to bsilyloxy aldehydes affording the syn-1,3-diol moiety 58 or 59 in 81-95% yield (Scheme 31).
70
Scheme 31 TiCl 2 (Oi-Pr) 2 -promoted reaction of an aldehyde with dienoxy silane 57.
Scheme 27 Meerwein-Ponndorf-Verley reaction of a-ketoepoxides. 56 O
Scheme 28 Direct aldol-Tishchenko reaction.
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Paterson et al. demonstrated that the stereochemical outcome of these reactions is very sensitive to the conditions employed. 71 Kalesse 72 showed that the vinylogous Mukaiyama aldol reaction of aldehyde 60 and silyl ketene acetal 61 provided the aldol adduct 62 in 92% yield as a 3:1 mixture in favor of the desired syn-1,3-diol if BF 3 ·OEt 2 was used as a Lewis acid. When the reaction was performed with tris(pentafluorophenyl)borane under otherwise the same conditions as before, diastereoselective addition (de > 90%) was observed, accompanied by a transfer of the tertbutyldimethylsilyl group from the ketene acetal to the newly formed hydroxy group (Scheme 32). The use of the commercially less expensive triphenylborane gave the same selectivity, but without transfer of the tert-butyldimethylsilyl group. The use of other Lewis acids in this reaction resulted in either no reaction or decomposition. The stereoselective reduction of acyclic b-hydroxyketones via 1,3-induction is attractive, since both syn-and anti-1,3-diols can easily be synthesized from the same starting material simply by changing the reagents and reaction conditions. When the reducing agent possesses the capacity to bind to the hydroxyl function with intramolecular transfer of hydride, the anti-1,3-diol is formed preferentially (Scheme 33). In contrast, when an additive is employed to preorganize the substrate prior to intermolecular hydride addition, the syn isomer becomes the major product.
Bartoli et al. recently summarized the diastereoselective
Lewis acid mediated reductions of a-alkyl-b-functionalized carbonyl compounds. 73 Based on the Lewis acid (CeCl 3 or TiCl 4 ) in combination with the reducing agent used, the stereochemical outcome was controlled.
Stereoselective Reduction of Hydroxyketones to syn-1,3-Diols
The reduction of b-hydroxyketones to syn-1,3-diols is usually carried out via an intermolecular hydride shift using stoichiometric reducing agents. 3 The most widely applied method for the syn-selective reduction of b-hydroxyketones is based on the boron-chelate method developed by Narasaka and Pai 74 and Prasad and co-workers. 75 By treatment with trialkylborane and the successive reduction with sodium borohydride, syn-1,3-diols were predominantly obtained (Scheme 34).
Scheme 34
Reduction of b-hydroxyketones after treatment with tributylborane. 74a Several improvements of this method have been introduced. Application of preformed alkoxydialkylboranes as complexing agents resulted in the selective formation of the syn-1,3-diol (de > 96%).
75b Alkoxydialkylboranes can be generated in situ by mixing triethylborane with methanol in tetrahydrofuran, 75c and can be used in substoichiometric or even in catalytic amounts, e.g. for kinetic separation of the diastereomeric aldols 63 (Scheme 35). 76 Still, undesired side reactions can sometimes prohibit the use of this method, as has been described by Menges and Brückner, who had to use zinc borohydride instead to gain access to a syn-1,3-diol. 77 The difficult syn-selective reduction of anti-a-methyl-bhydroxyketones (cf. Scheme 35) can be accomplished advantageously by adding the hydroxyketone substrate to a dicyclohexylchloroborane/triethylamine mixture in diethyl ether and reducing the formed borinate complex with lithium borohydride. 78 This method has also been applied in situ in a tandem aldol-reduction sequence. 79 An operationally convenient method for the syn-selective reduction using the mild reducing agent catecholborane in excess was described by Evans and Hoveyda. 80 There, catecholborane (64) served both to provide substrate organization and to function as the hydride donor. However, subtle steric effects were found to have a dramatic effect
Scheme 33 Chelate-controlled addition of hydride reagents shows a preference for syn diastereoselectivity in the reduction of hydroxyketones; intramolecular delivery of hydride directed by the b-hydroxy group leads to anti diastereoselective reduction.
on the level of stereocontrol (Scheme 36). In certain cases, the levels of diastereoselection could be improved by catalytic amounts of Rh(PPh 3 ) 3 Cl.
Despite the success of these selective and broadly applicable methods, the use of boron reagents proved to be problematic on an industrial scale due to economic and environmental concerns. This and the requirement for general methods providing syn-1,3-diols from b-hydroxy-, b-alkoxy-and b-silyloxyketones resulted in the development of numerous alternative methods (see also sections 5 and 7). For example, reduction of b-hydroxyketones with diisobutylaluminum hydride also resulted in 1,3-syn selectivity. 81 The diastereoselective reduction of acyclic b-alkoxyketones with lithium aluminum hydride or lithium tri-tertbutoxyaluminum hydride in the presence of lithium iodide provided syn-1,3-diols with moderate to high diastereoselection.
82
DiMare and co-workers used a chelation strategy with protected b-hydroxyketones in which a discrete Lewis acid complex was first established with titanium tetrachloride or boron trichloride, followed by introduction of a hydride reducing agent such as borane-dimethyl sulfide complex for the syn-selective reduction of several b-hydroxyketones.
83,84
The reagent {o-[(dimethylamino)methyl]phenyl}tin hydride (65) did not reduce simple ketones in aprotic solvents, but b-hydroxyketones were activated internally by the hydroxyl group, and were reduced in tetrahydrofuran with good control of stereochemistry (Scheme 37). 85 A catalytic version (10 mol%), which worked well for simple ketones, could not be applied to b-hydroxyketones. Additionally, the reduction of a 5-hydroxy-3-oxohexanoate gave a diastereomeric excess of only 50% of the desired syn-diol.
Scheme 37
Reduction of b-hydroxyketone with tin hydride 65. 85 Molander's method of 1,3-induction in intramolecular Reformatsky-type reactions (of bromoacetates derived from b-hydroxycarbonyl substrates) promoted by samarium diiodide was applied to the synthesis of stereodefined lactones and medium-sized carbocycles possessing a syn-1,3-diol functionality. 86 Poss et al. pointed out that dissolving-metal reduction of b-hydroxyketones could produce syn-diols (de ≥ 83%) (Scheme 38). 87 This method was applied in the synthesis of (+)-mycoticin. 
Stereoselective Reduction of Hydroxyketones to anti-1,3-Diols
anti-1,3-Diol units are most commonly accessed via the reduction of b-hydroxyketones with the mild reducing agent tetramethylammonium triacetoxyborohydride. In all cases examined, good to excellent yields of diastereomerically homogeneous diols were obtained (Scheme 39). The mechanism of these reductions involves an acid-promoted ligand exchange of acetate for substrate alcohol by the triacetoxyborohydride anion. The resultant hydride intermediate, presumably an alkoxydiacetoxyborohydride, reduces proximal ketones by intramolecular hydride delivery. 88 An overview of the combination of sodium borohydride and carboxylic acids was given by Gribble. 89 The samarium diiodide catalyzed intramolecular Tishchenko reduction of b-hydroxyketones 66 afforded the corresponding anti-diol monoesters 67 in high yield and Scheme 35 Kinetic separation of diastereomeric aldols by synselective reduction with 10 mol% Et 2 BOMe and NaBH 4 (-78°C in THF-MeOH). 76 6 3 s y n : a n t i 6 5 : s y n : a n t i 3 :
2 % s y n : a n t i 1 0 : with excellent levels of stereochemical control (Scheme 40). 90 Hydride transfer occurred via an intramolecular process in a Meerwein-Ponndorf-Verley sense.
Treatment of b-hydroxyketones with 4-8 equivalents of aldehyde and 15 mol% samarium diiodide resulted in the rapid formation of the anti-1,3-diol monoesters. A variety of aldehydes, such as acetaldehyde, isobutyraldehyde, and benzaldehyde, were effective hydride donors. In addition, these reactions showed little propensity for subsequent acyl migration (< 5%). The samarium-catalyzed Tishchenko reduction was found to be sensitive to subtle structural variations (see below). The d-benzyloxy-bhydroxyketone 68 was reduced smoothly within 45 minutes, whereas g-benzyloxy-b-hydroxyketone 69 was recovered unchanged even when higher amounts of samarium diiodide were employed (Scheme 41).
The Tishchenko-type reaction was also achieved in the presence of a catalytic amount of bidentate aluminum alkoxides 91 or Cp 2 ZrH 2 to form the corresponding diol monoesters with high levels of stereoselectivity under mild conditions. 92 Scott and co-workers reported the use of a catalytic amount of scandium triflate for stereoselective Tishchenko reduction of b-hydroxyketones (Scheme 42).
93
Scheme 42 Reduction of aromatic hydroxyketones with isobutyraldehyde in the presence of 10 mol% Sc(OTf) 3 . 93 Carreira and Fettes observed that ketone 70 was resistant to reduction using acetaldehyde and samarium diiodide, and scandium triflate did not lead to any improvement. 94 As an alternative, reduction using tetramethylammonium triacetoxyborohydride afforded the diol 71 in good yield and diastereoselectivity (anti:syn > 95:5) (Scheme 43).
Scheme 43
Reduction of ketone 70. 94 Keck et al. described a method for the stereoselective reduction of b-hydroxyketones to afford anti-1,3-diols via a mechanism involving sequential one-electron reductions using samarium diiodide as the reducing agent. 95 They noted that the free hydroxyl group was important not only in directing the stereochemical outcome of these reactions, but also in accelerating the rate of reduction relative to either the benzyl or TBS ethers of the same substrates (Scheme 44). The same group later demonstrated that some b-alkoxy derivatives, like methyl-or methylthiomethyl ethers, could act as directing and activating groups, resulting in monoprotected anti-1,3-diols. 96 Ten equivalents of methanol in tetrahydrofuran proved to be optimal for activation and stereoselection. 
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Scheme 41 Reduction of hydroxyketones with SmI 2 . Scheme 44 Reduction of b-alkoxyketones using SmI 2 -MeOH. 96 Flowers and co-workers showed that other solvent systems could be applied as well. 97 Reductions in tetrahydrofuran, dimethoxyethane or tetrahydrofuran-watertriethylamine led predominantly to the syn diastereomer, while acetonitrile as solvent resulted in formation of the anti diol as the major product, however with rather low diastereoselectivity. Reductions in the solvent system tetrahydrofuran-water-triethylamine gave pure diol product in quantitative yield. 98 It must be mentioned, however, that changes in substrate structure can have a dramatic influence on the stereoselectivity (Scheme 45).
Scheme 45 Reduction of b-hydroxyketones by SmI 2 in the solvent system THF-H 2 O-Et 3 N. 98 Lewis acid catalyzed intramolecular hydrosilylation of silyloxyketones is another alternative for the synthesis of protected anti-1,3-diols. 99 Asymmetric variants and reductions of symmetrical diketones have been described. 
Stereoselective Reduction of 1,3-Diketones
Besides enzymatic and non-enzymatic catalytic (asymmetric) methods, 1,3-diketones can be reduced stereoselectively by hydride reagents into syn-and anti-1,3-diols. 101, 102 Ohtsuka et al., for instance, described the enantio-and diastereoselective sodium borohydride reduction of 1,3-diketones in the presence of a catalytic amount (5 mol%) of b-ketoiminatocobalt(II) complexes 72. 103 Highly enantioenriched anti-1,3-diaryl-1,3-propanediols were obtained in high yield as the major product with de values ranging from 52-80% (Scheme 46).
The borohydride reduction of 1,3-diketones usually proceeds through a b-hydroxyketone intermediate. Accordingly, the methods described in the previous section were advantageously applied for the diastereoselective twostep reduction of 1,3-diketones. Several attempts to use auxiliary-induced diastereoselective reductions of 1,3-diketones in combination with the aforementioned substrate-induced diastereoselective reduction of the resulting hydroxyketones have been published. Chiral b,ddiketoesters like 73, 74 and 75, for example, were reduced either in one or two steps to give syn-b,d-dihydroxyesters with high diastereoselectivity (Scheme 47 and Scheme 48). The two-step reduction proved to be at least as well suited as the attempted one-step reduction of the 1,3-diketone with regard to diastereo-and enantioselectivity.
104-106
Scheme 47 Diastereoselective reduction of a chiral sulfoxide with Et 2 BOMe and NaBH 4 . 
Hydrogenation
As mentioned above, it is of great interest to develop efficient catalytic approaches for the syn-and anti-diastereoselective reduction of chiral b-hydroxyketones under environmentally friendly conditions, thus avoiding stoichiometric amounts of expensive borane reagents and low temperatures like -60°C. Therefore, early on, catalytic asymmetric hydrogenations and transfer hydrogenations of b-hydroxyketones (and the parent 1,3-diketones) were elucidated. Although great progress has been accomplished in this field, the biocatalytic reduction methods are sometimes superior with respect to selectivity and efficiency (see sections 7.1 and 7.2). 
Hydrogenation of 1,3-Hydroxyketones to syn-and anti-1,3-Diols
Reduction of 5-hydroxy-3-ketoester 76 with ruthenium catalysts followed by acetalization provided the syn and anti products 77 with diastereoselectivity of 64% in favor of the syn diastereomer (Scheme 49). 107 The reduction of 76 with the catalyst of the opposite configuration produced the anti diastereoisomer with 88% de.
The asymmetric transfer hydrogenation of chiral 5-hydroxy-3-ketoesters in 2-propanol using in situ catalyst combinations of chlororuthenium(II) arene and b-aminoalcohol provided syn-3,5-dihydroxyesters in high yields and in diastereoselectivities ranging from 12-80% de (Scheme 50). 108 However, no reaction was observed with tert-butyl (R)-6-chloro-5-hydroxy-3-oxohexanoate, most likely because of catalyst poisoning by the chloro group, as observed with other chloro-containing substrates (cf. enzyme catalysis, section 7). Hydrogenation of the corresponding 3-hydroxy-5-ketoesters using ruthenium-(R)-binap catalyst proved to be syn-selective (10-80% de) as well. 109 The ligand-controlled asymmetric hydrogenation of protected 5-hydroxy-3-ketoester 78 with (S)-(MeO-biphep)RuBr 2 as catalyst provided b-hydroxyester 79 in 80% yield and high diastereoselectivity (anti:syn 98:2). However, both high hydrogen pressure and a long reaction time were required (Scheme 51).
110
Scheme 51 Ligand-controlled asymmetric reduction of 78. 110 
Hydrogenation of 1,3-Diketones
For an overview on the use of 1,3-dicarbonyls in stereoselective organic synthesis, see the recent account by Kel'in and Maioli. 111 Reductions of 1,3-dicarbonyl systems with ruthenium-biarylbisphosphine catalysts have been reviewed by Ager and Laneman. 
Scheme 49 Asymmetric hydrogenation of 5-hydroxy-3-oxohexanoate catalyzed by Ru-binap complex. 107 DMP = 2,2-dimethoxypropane.
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Scheme 50 Ruthenium-catalyzed asymmetric transfer hydrogenation of 5-hydroxy-3-ketoesters in 2-propanol. The homogeneous ruthenium-catalyzed hydrogenation of symmetrical 1,3-diketones, which underwent complete conversion with ee and de (anti) values of up to 99%, were obtained by Genêt and co-workers using various diphosphines as chiral ligands. 116 Cossy et al. introduced a transfer hydrogenation of 1,3-diketones by using a catalytic amount of RuCl[(N-arylsulfonyl)-1,2-diamine (p-cymene)] complexes in the presence of formic acid and triethylamine (Scheme 53). 117 The reduction of symmetrical 1,3-diaryl-1,3-diketones afforded predominantly anti-1,3-diols of reasonably high de and ee (up to 90%), whereas hydrogenation of unsymmetrically substituted 1,3-diketones resulted in low stereoselectivity.
Scheme 53 Ruthenium-catalyzed asymmetric reduction of 1,3-diketones using transfer hydrogenation. 117 The asymmetric hydrogenation of methyl-3,5-dioxohexanoate 82 with ruthenium diphosphane catalysts gave predominantly the diol anti-83 in up to 78% de and 95% ee.
109,118 Some Ru 2 [amidophosphanephosphinite] complexes catalyzed the formation of the syn-1,3-diol, syn-83, in up to 92% de. However, the reaction conditions were rather drastic (60°C, 100-130 bar H 2 , 18-235 h) and the syn-products were obtained in only low enantiomeric excess (Scheme 54).
Scheme 54 Asymmetric hydrogenation of methyl 3,5-dioxohexanoate 82 with ruthenium(binap)-type catalysts. 
Stereoselective Reduction of 4-Hydroxypyranones
Fehr et al. attempted the asymmetric ruthenium-catalyzed hydrogenation of 4-hydroxy-6-alkylpyrones. Depending on the substitution pattern of the pyrone, either highly enantioenriched dihydropyrones or fully hydrogenated tetrahydropyrones were prepared. However, the latter were obtained in low yield and unsatisfactory stereocontrol (de < 56%). 119 Asymmetric hydrogenation of 4-alkoxy and 4-methyl derivatives of 2-pyrones to the corresponding dihydro-or tetrahydropyrones over cinchonine-modified palladium/titanium(IV) oxide was fast under ambient conditions and afforded good yields and high ee values (Scheme 55). cis-Tetrahydropyrones were obtained with 98-99% de.
120
Scheme 55 Hydrogenation of 2-pyrone derivatives over cinchonine-modified Pd/TiO 2 .
The known heterogeneous diastereoselective hydrogenation of dihydropyrones 121 resulting in syn-1,3-'diols' was used in the synthesis of phorboxazole B. 122 Alternatively, Hinterding et al. described a diastereoselective reduction of cis-or trans-6-ethyl-5-methyldihydropyranones using t-BuNH 2 -BH 3 in combination with citric acid (anti-'diol' product, in 60% and 85% de, respectively). 123 
6

Allylic and Homoallylic Alcohols as Substrates
Homoallylic alcohols have been used as starting materials for Prins cyclizations, as discussed in section 2.4.
1,3-Diols via Addition of Alkoxide Nucleophiles
Reaction of unsaturated hydroxyl esters 84 (or amides) with benzaldehyde and potassium tert-butoxide in tetrahydrofuran furnished the benzylidene acetals of syn-1,3-diols in good yields (70-80%). For most examples, diastereoselectivity was greater than 95% favoring the more stable syn-diol diastereomer (Scheme 56). The use of other bases such as potassium hexamethyldisilazide afforded similar yields and selectivities. s y n -8 3 a n t i -8 3 126 Sowa and co-workers showed that the use of trifluoromethyl-substituted indenyl ligands increased the selectivity even more. 127 
Iodocarbonation
The known iodocarbonation 128, 129 of homoallylic carbonates like 87 was optimized by Smith and Duan using iodobromine in toluene at low temperature (-85°C), resulting in syn-1,3-diols (60-95% de) (Scheme 58). 130 When homoallylic alcohols that bore a methyl group at C3 in 1,2-syn-geometry and with a Z double bond were used as substrates, a complete 1,3-anti-selectivity (>20:1 anti:syn) was observed (Scheme 59). 131 
1,3-Diols via Olefin Carbonylation
In a series of publications, Leighton and co-workers reported several elegant approaches to syn-and anti-1,3-diols, and extended these methodologies for the iterative stereoselective synthesis of polyols. They developed methods to control the regiochemistry of olefin carbonylation. The highly diastereoselective rhodium-catalyzed hydroformylation of enol acetals like 88, giving access to protected syn-3,5-dihydroxy aldehydes, was among these. 132 The corresponding anti isomer was obtained as the major product when an appropriately substituted 4-methylene-1,3-dioxane, like 89, was used (Scheme 60). However, the yields varied upon subtle changes in substrate structure, and diastereoselectivity was low to moderate.
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Scheme 60 Rhodium-catalyzed hydroformylation of enol acetals. 132, 133 The rhodium-catalyzed hydroformylation was limited by the difficulty in synthesizing large quantities of the enol acetals. As an alternative, the rhodium-catalyzed formylation of organomercurials like 90 was introduced (Scheme 61). 134 Oxymercuration of homoallylic alcohol derived hemiacetals and hemiketals was used for the diastereoselective synthesis of organomercurials containing the protected syn-1,3-diol moiety. 135 In a two-step transformation, without purification of the organomercurial 90, aldehyde 91 was obtained in 51% yield.
This strategy was also used in an iterative manner: Brown allylation afforded a homoallylic alcohol, which was used again in the oxymercuration reaction. Rhodium-catalyzed intramolecular silylformylation of alkenes provides an alternative entry into polyol synthesis using homoallylic alcohols as substrates (Scheme 62). 136 The use of 1-oxa-2-silacyclopentanes as an intermediate in 1,3-diol synthesis is described below (cf. section 9.2).
Scheme 62 Rhodium-catalyzed intramolecular regioselective silylformylation of alkenes. 136 When the silylformylation was performed with a diallylsilane like 92, a tandem intramolecular silylformylationallylsilylation took place, leading -after oxidative desilylation -to syn,syn-triols 93 in good yield (45-65%, with 42-86% de). 137 If crotyl groups were used on silicon instead of allyl groups, a similar tandem intramolecular silylformylation-crotylsilylation could be used as an entry into polyketide fragments (Scheme 63). Both tandem reactions nicely demonstrate how homoallylic alcohols can be converted into new two-polyol-unitextended homoallylic alcohols in three simple steps. This strategy can be employed in an iterative manner, as was shown in the synthesis of pentol 94, which possesses eight stereogenic centers (five steps, 31% overall yield) (Scheme 64).
Scheme 64 Iterative synthesis of polyketide-like fragments by tandem intramolecular silylformylation-crotylsilylation. 138a Moreover, Leighton and co-workers introduced a tandem aldol-allylation reaction of allylenolsilane 95 and simple aldehydes resulting in syn-1,3-diols like 96 in 60-80% yield (Scheme 65, equation 1). 139 A similar transformation was performed by Berrisford and co-workers.
140
Scheme 65 Tandem aldol-allylation reaction of allylenolsilanes. 139 This strategy was used also with (E)-and (Z)-crotylenolsilanes, also giving syn-1,3-diols. When (E)-enol-(E)-crotylsilane 97 was reacted with cyclohexanecarbaldehyde, the major isomer was the anti-1,3-diol 98, which was isolated in 60% yield (Scheme 65, equation 2). 139 For a discussion on the origins of stereoselectivity in strain-release allylation, see the recent paper by Zhang, Houk and Leighton. 
Miscellaneous
The reaction of secondary acyclic E-allylic alcohol derivatives like 99 with phenylselenyl bromide in the presence of 2,6-di-tert-butylpyridine in methanol proceeded in a regio-and stereoselective manner. Deprotection of the resultant methoxyselenides afforded predominantly anti-1,3-diols (Scheme 66). 142 Tiecco et al. used this approach to develop a kinetic resolution of racemic allylic alcohols promoted by chiral selenium reagents. 143 anti-1,3-Diol derivatives with de values in the range of 80-96% were obtained.
Scheme 61
Oxymercuration of a homoallylic alcohol followed by rhodium-catalyzed formylation. 
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Scheme 66 Stereoselective methoxyselenylation of 99.
142,143
The stereoselective synthesis of 1,3-diols, with either relative stereochemistry, via a sequence of hydroboration of allylsilanes, followed by conversion of the silyl group into hydroxyl group with retention of configuration, was elucidated by Fleming and Lawrence. 144 
Biocatalytic Methods
Biocatalysis is a valuable tool for the enantioselective synthesis of 1,3-diols. Many different approaches can be found in the literature. Enzymes -applied either as isolated molecular catalysts or in the form of whole cells -are especially useful for the enantioselective construction of the stereogenic 1,3-diol carbinol centers from the corresponding planar carbonyls, and for the racemic resolution of preformed racemic 1,3-diols. Another widely applied biocatalytic approach to optically active 1,3-diols is the enzymatic desymmetrization of meso-1,3-diols.
Enzymatic Reduction of 1,3-Diketones
The enzymatic reduction of 1,3-diketones leads only seldomly to 1,3-diols in a single operational step (double-site reduction). Instead, b-hydroxyketones are generally encountered as primary products (single-site reduction).
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Reduction of the second keto group is either very slow or simply does not occur. This was impressively exemplified in a work of Fauve and Veschambre, wherein they investigated the reduction of 2,4-pentanedione and three of its homologues by a broad range of microorganisms. 146 Only two species -the fungus Mortierella isabellina and the bacterium Clostridium tyrobutyricum -were capable of yielding nonracemic 1,3-diols by double-site reduction (Scheme 67). Ikeda et al. later demonstrated that the yeast Pichia farinosa reduced 2,4-pentanedione to (2R,4R)-2,4-pentanediol in 94% yield and high enantiomeric excess (> 99%). 147 Another notable exception was presented by Patel et al. who found that the diketoester 100 -a 1,3-diketone also featuring a b-ketoester substructure -was reduced to the syn-dihydroxyester 101 by a variety of microorganisms in the sense of a double-site reduction (Scheme 68, equation 1) . 148 The best results in terms of enantioselectivity were obtained with Acinetobacter calcoaceticus and cell extracts thereof. An NAD(H)-dependent reductase was purified from this bacterium and it was shown that this enzyme gave the enantiomerically pure product 101, free of any anti diastereomer. The highly syn-selective doublesite reduction of the chlorinated diketoester 102 to dihydroxyester 103 by whole cells of Lactobacillus kefir, which was discovered by some of us, likewise showed a high degree of enantioselectivity (Scheme 68, equation 2).
149
Scheme 68 Reduction of 1,3-diketoesters.
148,149
Even if most enzymatic reductions of 1,3-diketones lead to b-hydroxyketones and not directly to 1,3-diols, this approach can be regarded as a superior method to obtain nonracemic 1,3-diols, since many methods are on hand to reduce the second keto group diastereoselectively in a separate step (see section 4.1). As an example, all four stereoisomers of the valuable chlorinated dihydroxyester 103 were obtained via this route. 150 In this case, the b-hydroxyketones (S)-and (R)-104 were prepared by enzymatic regioselective single-site reduction of diketoester 102 using alcohol dehydrogenase of Lactobacillus brevis and baker's yeast, respectively. 151, 152 The second stereocenter in each was subsequently set by means of substrate-induced syn-and anti-selective reduction protocols (Scheme 69).
Enzymatic Reduction of b-Hydroxyketones
The prevailing single-site reduction of 1,3-diketones to bhydroxyketones by enzymatic catalysis indicates that the latter are generally poor substrates for carbonyl-reducing enzymes. Indeed, it is hard to find studies in the chemical literature that were particularly designed to treat this subject. Exceptions are the already mentioned works by Fauve and Veschambre, Ikeda et al., and Patel et al., who offered isolated b-hydroxyketones as substrates to the carbonyl-reducing biocatalysts under investigation in a second, separate reaction step. Interestingly, this trend of substrate specificity does not hold for b-hydroxyketones where the keto group is also part of a b-ketoester substruc-
Scheme 67 Microbiological reduction of acyclic b-diketones. . 153 Depending on the microbial strain applied, both syn-and anti-selectivity were realized.
Scheme 70 Microbial reduction of d-hydroxy-b-ketoesters to synor anti-1,3-diols.
153
As with so many developments targeted towards the stereoselective construction of syn-1,3-diols, these investigations were spurred by the need for methods applicable to the industrial preparation of synthetic HMG-CoA reductase inhibitors of the mevinic acid type. Enzymatic approaches towards this goal were recently highlighted by one of us. 154 In this context, it is worth mentioning that kinetic resolution occurs when racemic, O-protected d-hydroxy-b-ketoesters are reduced by fermenting baker's yeast (Scheme 71, equation 1). 155 This method was employed for the stereoselective synthesis of the C1-C9 fragment of the marine macrolide bryostatin. 156 Whereas the former baker's yeast reduction yielded dihydroxyesters in an anti configuration, the opposite relative configuration was realized in the reductive kinetic resolution of unprotected dhydroxy-b-ketoester 105 by the same microorganism (Scheme 71, equation 2). 157 The homochiral enantiomer was consumed in this case, but the b-keto group was reduced with opposite diastereoselectivity. This example nicely demonstrated the susceptibility of the stereochemical outcome of baker's yeast ketone reductions to changes of the substrate.
Enzymatic Aldol Addition
An elegant method of preparing syn-1,3-diols 'from scratch' is the 2-deoxyribose-5-phosphate aldolase (DERA) catalyzed sequential aldol addition of two molecules of acetaldehyde to an acceptor aldehyde, yielding trideoxypyranoses like 106 (Scheme 72). This highly enantio-and diastereoselective enzymatic carbon-carbon bond formation was described by Gijsen and Wong for the first time 158 and was later significantly improved, in terms of productivity, by industrial scientists. 159 It is noteworthy that the complete carbon chain and both fixed stereocenters of trideoxypyranoses 106 were set in one operational reaction step by this enzymatic reaction. Trideoxypyranose 106 can be readily elaborated to the acetonide-protected syn-dihydroxyester 107 which is a useful precursor to HMG-CoA reductase inhibitors of the mevinic acid type. 
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Scheme 69 a) Enzymatic/microbial reduction; b) diastereoselective borohydride reduction. 151, 152 s y n - 
Enzymatic Resolution of Racemic 1,3-Diols by Hydrolytic Enzymes
Enantiomer-differentiating transformation of racemic 1,3-diols by hydrolytic enzymes allows for the preparation of the respective nonracemic 1,3-diols in 50% theoretical yield. Both enantiomers can be obtained from the reaction mixture by separation of the reaction product from the unreacted starting material. If an in situ racemization of the non-reacting enantiomer can be realized, the theoretical yield increases to 100% (dynamic kinetic resolution).
The lipase-catalyzed (sequential) kinetic resolution of C 2 -symmetric rac-2,4-pentanediol and acylated derivatives thereof has been studied in great detail by Guo et al. 160 This type of resolution is complicated by the fact that single-site and double-site reactions can both take place, leading to complex product mixtures. The same problem was encountered in the microbial hydrolysis of 1,3-diphenylpropane-1,3-diol bisacetate (Scheme 73, equation 1). 161 In contrast, the enzymatic transesterification of the parent 1,3-diphenylpropane-1,3-diol with vinyl acetate as acyl donor gave selectively the monoacetate (Scheme 73, equation 2). 162 A product mixture related to single-site/ double-site reaction was avoided in the case of enzymatic hydrolysis of cyclic 2,4-pentanediol carbonate, because the acyl moiety left the system in the form of carbon dioxide. 163 When diastereomeric mixtures of rac-and meso-1,3-diols were employed as starting material, the presence of acylated meso-derivatives complicated the situation, as demonstrated for 2,4-pentanediol by Mattson et al. 164 In order to overcome this problem, Caron and Kazlauskas developed an effective way to separate the diastereomers prior to enzymatic resolution by diastereo-differentiating sulfite formation with thionyl chloride. 165 The problem reappeared, however, when Persson et al. applied a dynamic kinetic de-epimerization/de-racemization to rac-/meso-2,4-pentanediol 108 which unexpectedly resulted in the meso-bisacetate 109 as the major product (Scheme 74). 166 It was later proven that acyl migration was responsible for the formation of the meso-bisacetate, 167 as previously anticipated by Mattson et al. 164 Bäckvall and co-workers turned this principle into an elegant tool for preparing enantiomerically pure syn-1,3-diol bisacetates from racemic diastereomeric mixtures of unsymmetrically 1,3-disubstituted 1,3-diols in a one-pot synthesis (see section 8.2.1).
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Scheme 74 Dynamic kinetic resolution of 1,3-diols via enzymatic acylation coupled with ruthenium-catalyzed isomerization. 166 Bonini et al. investigated the lipase-catalyzed enantio-differentiating transesterification of racemic anti-1,3-diol acetonide 110. 169 Under the conditions applied, the R,R enantiomer was selectively acetylated to give anti-(R,R)-111 with 85% ee whereas the slow-reacting S,S enantiomer, anti-(S,S)-110, was recovered in 98% ee (Scheme 75). The reaction can be performed in reverse mode as well, i. e. by lipase catalyzed hydrolysis of the corresponding acetyl derivative rac-111. Both conditions could be applied in a likewise manner for the corresponding syn-1,3-diol acetonides.
Scheme 75 Enantioselective lipase-catalyzed esterification.
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Scheme 72 Tandem aldol condensations catalyzed by DERA. 158, 159 e e > 9 9 % 1 0 7
Scheme 73 Kinetic resolution of C 2 -symmetric rac-1,3-diphenylpropane-1,3-diols. 
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The enantio-differentiating lactonization of b,d-dihydroxyesters is a conceptually different approach that was introduced by Bonini et al. in 1991. 170 The mevinic acid model compound 113 was prepared in 35% yield and > 98% ee from racemic syn-b,d-dihydroxyester 112 by treatment with lipase in organic solvent (Scheme 76). This method has since been extended and optimized. 
Enzymatic Desymmetrization of meso-1,3-Diols
In contrast to classical kinetic resolution as described above, desymmetrization of meso compounds by enantiotopos-differentiating enzymatic transformation (termed 'meso-trick') allows for a theoretical yield of 100%. In the case of desymmetrization of 1,3-disubstituted meso-1,3-diols by hydrolytic enzymes, this approach works best if chain-terminus differentiation is applied, as demonstrated by Bonini and co-workers. Thus, lipase-catalyzed singlesite hydrolysis of acetonide-protected 1,3-diol bisacetate 114 yielded the nonracemic monoacetate 115 in 98% yield and > 98% ee, whereas hydrolysis of an analogous 1,3-bisacetoxy derivative 116 gave less satisfactory results (Scheme 77). Both reactions were carried out in the reverse direction as well, by enzymatic transesterification in the presence of vinyl acetate.
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Scheme 77 Lipase-catalyzed asymmetric hydrolysis of meso compounds. 172 Xie et al. prepared the nonracemic 1,3-diol acetonide 118 in 79% yield and 96% ee from meso-bisacetate 117 along the same lines (Scheme 78, equation 1). 173 Synthesis of the enantiomer of 118 by the reverse reaction (enzymatic transesterification) appeared in the patent literature. 174 Chênevert and Rose extended this strategy to the propionate-derived meso-tetraketide 119, which corresponds to the C19-C27 polyol fragment of rifamycin S. The enzymatic product 120 was obtained in 76% yield and > 98% ee (Scheme 78, equation 2). 175 The lipase-catalyzed desymmetrization of meso-1,3-diols can be performed with cyclic substrates as well. The application of unsaturated rings provides the opportunity to elaborate the enzymatic products to linear 1,3-diol building blocks via oxidative double-bond cleavage (Scheme 79).
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Scheme 79 Lipase-catalyzed desymmetrization of meso-1,3-diols with cyclic substrates.
Enzymatic desymmetrization of meso-cyclohexanetriols is a likewise attractive route to 1,3-diol building blocks.
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As an example, Wirz et al. applied this strategy to a largescale synthesis of the C 2 -symmetric alcohol 122, a key precursor to the vitamin D analogue retiferol (123) (Scheme 80). 
Desymmetrization via Two-Directional Chain Synthesis
The idea of two-directional chain synthesis and terminus differentiation has been extensively studied by Schreiber and others. 178, 179 Different transformations have been applied using this strategy for the stereoselective synthesis of polyol chains possessing 1,3-diol functionalities. 178 Based on the work of the Schreiber group, 180 and using Noyori's asymmetric hydrogenation of 1,3-diketones (see above), Rychnovsky et al. developed a three-step synthesis towards enantiopure diepoxide 124 (ee > 97%). 181 This diepoxide can be regarded as an efficient precursor to a broad variety of enantiopure syn-and anti-1,3-diols (Scheme 81).
182 Reaction with excess nucleophile gave symmetric anti-1,3-diols 125 in good yield (61-94%), and only tert-butyllithium gave significantly lower yields (18%). Thus, this method represents a valuable alternative to the asymmetric reduction of the corresponding 1,3-diketone. Reaction of diepoxide 124 with only a slight excess of alkyllithium gave the monoepoxide 126, which in turn was used for the synthesis of the unsymmetrically substituted anti-1,3-diols, anti-127, in 50-68% overall yield. Chiral syn-1,3-diols, syn-127, were accessible via Mitsunobu inversion of monoepoxide 126, followed by addition of a second nucleophile (overall yield 37%, one example given, R 1 = Bn, R 2 = vinyl).
181,183
Desymmetrization of Allylic Alcohols
C 2 -or s-symmetric allylic alcohols or diols have regularly been desymmetrized using the Sharpless-Katsuki epoxidation (or the Sharpless asymmetric dihydroxylation) followed by regio-and stereoselective nucleophilic opening of the epoxide, resulting in 1,3-diols.
184-186
As previously mentioned, the intramolecular Prins cyclization can be applied to the desymmetrization of homoallylic alcohols. The C 2 -symmetric protected 1,3-diols 128 were transformed to tetrahydropyrans 129 in 42-80% yield (Scheme 82). 
Desymmetrization via Allylboration
Enantioselective desymmetrization of meso compounds into chiral products often relies on enzymatic and nonenzymatic diastereofacial-selective reactions controlled by both substrate and reagent. Wang and Deschênes developed a desymmetrization of meso-dialdehydes via exclusively reagent-controlled diastereofacial-selective allylation at both termini (Scheme 83 
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Scheme 82 Desymmetrization of allylic alcohols via Prins reaction. 
Desymmetrization via Racemic Resolution
Kinetic racemic resolution of cyclic and acyclic 1,3-diols and derivatives using hydrolytic enzymes is the method of choice if the maximum yield of 50% is not a limiting factor (asymmetric transformation of first type). Additionally, the meso-trick (see section 7.5) can be applied sometimes, resulting in 100% theoretical yield of one enantiomer. 
Desymmetrization via Dynamic Kinetic Resolution
Bäckvall and co-workers described a one-pot synthesis of enantiomerically pure syn-1,3-diacetates starting from racemic diastereomeric mixtures of 1,3-diols, containing one large and one small group, by combining (a) enzymatic transesterification, (b) ruthenium-catalyzed epimerization, and (c) intramolecular acyl migration (Scheme 84). 168 Interestingly, the proper choice of acyl donor was crucial for the efficiency of this dynamic kinetic resolution process, which was not restricted to racemates.
Acetalization with L-Menthone
The method, described by Harada and Oku, of enantiodifferentiating conversion of racemic, syn-(or meso-or prochiral) 1,3-diols like 132 into enantiopure 1,3-diols represents an example of a third type of asymmetric transformation. 189 Racemic substrates (anti-1,3-diols do not undergo acetal formation with L-menthone) were transformed into enantiopure 1,3-diols by enantio-differentiating inversion of one (or more) stereogenic center(s) (Scheme 85). Scheme 84 De-epimerization/de-racemization of unsymmetrical 1,3-diols, containing one large (L) and one small (S) group, by cooperation of enzyme-and ruthenium-catalysis, to enantiomerically pure syn-diacetates. This desymmetrization methodology is based on the chemistry of menthone-derived spiroketals. The bicyclic framework of this system sets up interactions and dispositions that rigorously control the stereochemistry of many of its reactions. The major source of stereochemical bias is the isopropyl group, which determines the conformation of the menthone-derived ring (shown in 133a) and fixes that of the 1,3-dioxane ring (shown in 133b) by prohibiting conformation 134 (Scheme 86).
Scheme 86 Conformation of menthone-derived spiroketal. 190 One important consequence is that substituents at positions 2 and 4 of the dioxane must take just one of the two possible orientations (marked eq in 133b) to avoid 1,3-diaxial interactions with a menthone-ring carbon.
This method was applied to the desymmetrization of (racemic) dimenthonide 135, which is a mixture of four diastereomers. Equatorial-selective ring-opening, using allyltributyltin as a nucleophile in combination with TiCl 4 , afforded dicleavage products. Inversion at the carbinols, followed by protecting group chemistry, gave a single stereoisomer of 136 possessing four stereogenic centers (Scheme 87).
191
A summary of this strategy was given by Davis. 192 Scheme 87 Application of desymmetrization by enantio-differentiating inversion. 
Miscellaneous
Harada et al. developed an enantioselective desymmetrization of meso-1,3-diols via oxazaborolidinone-mediated enantioselective ring cleavage of prochiral dioxane acetals 137 using silylketene acetal 139 (Scheme 88). 193 The chiral Lewis acid 138 selectively activated one of the enantiotopic acetal carbon-oxygen bonds through an enantio-differentiating complexation. The moderate ee and the requirement of using the 2,4-trans-dioxane acetals as substrate were limiting factors.
Scheme 88 Enantioselective ring cleavage of dioxane acetals mediated by a chiral Lewis acid. 193 The highly efficient enzyme-catalyzed kinetic resolution of racemic or meso-1,3-diols is a well-established process (see above). 188 Among the many examples is the non-enzymatic asymmetric acylation of cis-2-cyclopentene-1,4-diol (140), a meso diol, using chiral diamine 141 as catalyst (0.5 mol%), that was described by Oriyama et al. 200 Hartung and Hoffmann recently summarized the application of these strategies to the asymmetric synthesis of polyoxygenated building blocks. 201 Since many aspects regarding the stereoselective synthesis of 1,3-diols using desymmetrization of 8-oxabicyclo[3.2.1]oct-6-en-3-ones were comprehensively treated in that review, only two examples out of many will be discussed here. Scheme 92 One achiral ketone, 145, was transformed into eight separable lactone acetals by cooperative substrate and reagent control. Subsequent methanolysis and thioacetalization gave eight acyclic stereotetrads 147. stereochemical induction, resulting in the formation of highly enantioenriched (89-96% ee) bicyclic [3.3.1]lactone acetals 146 (five steps plus chromatographic separation of diastereomers). Subsequent methanolysis and thioacetalization gave the desired library of acyclic stereotetrads. Thus, starting from achiral 145, any of the eight 1,3-diols, 147a-h could be synthesized in a sevenstep operation (Scheme 92). 202 Vogel and co-workers developed non-iterative approaches for the asymmetric synthesis of octahydroxypentadecanols. 203 The dimeric meso derivative 149, accessible via a five-step synthesis starting from the oxabicyclic dimer meso-148, was desymmetrized using Sharpless asymmetric dihydroxylation (Scheme 93).
Subsequent ring-opening of the carbacycles, diastereoselective reductions, and further transformations yielded stereomeric pentadeca-1,3,5,7,9,11,13,15-octol derivatives like 150a and 150b. 204 Although the strategy was somewhat lengthy, its superiority is obvious in the case where all or many of the possible stereoisomers are synthetic targets. 207 Several approaches for the stereoselective synthesis of 1-oxa-2-silacyclopentanes, such as intramolecular hydrosilylation of allylic and homoallylic alcohols, 208 or insertion of carbonyl compounds into the carbon-silicon bond of silacyclopropanes, 209 have been described. Oxidative cleavage of the carbon-silicon bond of the 1-oxa-2-silacyclopentanes under Tamao conditions 210 or under strong basic conditions 211 has been found to provide access to syn-and anti-1,3-diols.
Scheme 95 Synthesis of 1,3-diols via 1-oxa-2-silacyclopentanes. 209 For X = OAc 212 or OEt, 213 Woerpel and co-workers developed Lewis acid mediated nucleophilic substitution protocols via oxocarbenium ions, giving access to anti-1,3-diols (after oxidation of the carbon-silicon bond) with high stereoselectivity (R 2 = H, Nu = allyl). Davis and Hegarty reported a similar transformation using siladioxanes. 214 
9.3
Radical-Based Asymmetric Synthesis
Vinylcyclopropane Oxygenation
The addition of molecular oxygen across the carbon-carbon bond of suitably activated vinylcyclopropanes affords syn-or anti-dioxolane rings, depending on the steric and electronic properties of the vinylcyclopropane substituents. However, in most cases, diastereoselectivity is only low to moderate with de values typically in the range of 40-75%. The sequence is initiated by chalcogen-radical addition to the vinyl appendage 154, followed by cyclopropylcarbinyl-radical ring opening and oxygen trapping of the resultant homoallylic radical 155. The all-important stereochemistry of dioxolane formation is set in the following step, the slowest of the sequence, the cyclization of 5-hexenylperoxy radical 156 and trapping of this radical by H-atom sources. Samarium diiodide mediated cleavage of the oxygen-oxygen bond provided syn-or anti-1,3-diols 158 in good yield (60-95%) (Scheme 96). The application of this strategy to the stereoselective synthesis of 1,3-diols was summarized by Feldman.
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Scheme 96 Samarium diiodide mediated reduction of 1,2-dioxolanes 157, which are obtained by oxygenation of vinylcyclopropanes 154. 
Approach to 1,3-Polyols
Garner et al. developed a radical-based asymmetric synthesis of 1,3-diols by selectively introducing either R-or S-configured secondary alcohols during a carbon-carbon bond-forming event.
216 O-Glycosylated a-hydroxy acids 159 were esterified and photolyzed in the presence of excess ethyl trifluoroacetoxyacrylate 160. The initial product 161 was hydrolyzed to produce glycosylated anti-or syn-1,3-diols 162, depending on the auxiliaries used (Scheme 97). This strategy, in principle, could also be extended towards an iterative approach to polyols.
Butyrolactone Strategy
Brückner and Menges developed a method for the conversion of cis(trans)-butyrolactones into syn(anti)-1,3-diols, 77 based on work by Ziegler 217 and Schreiber. 218 Using a four-step oxidative degradation via a Criegee rearrangement, which occurs with retention of configuration, 1,3-diols were accessed in good yield. In contrast to Ziegler, who used peroxoacetates, Brückner transformed the ketal hydroperoxide intermediates into peroxosulfonates. The stereostructure of the starting lactone was completely transferred to the diol. Hence, the bis(g-butyrolactone) 163 was transformed into tetrol 164 in 74% chemical yield, corresponding to an average yield of 97% for each individual reaction (Scheme 98). 
Various
Many more interesting new methods have evolved during the last decade that enable the stereoselective synthesis of 1,3-diols or its direct precursors. This is exemplified by the enantioselective synthesis of b-hydroxyketones, 220 which is a vast field of ongoing research, or the application of [3+2] annulation to the stereoselective synthesis of five-membered-ring heterocycles, precursors of 1,3-diols or g-aminoalcohols. Other methods might be restricted to special features of reagents or substrates, like the anti to syn transformation, observed by Keck and Lundquist, of benzylidene acetal 165 with N-bromosuccinimide due to neighboring-group participation of an oxazolidinone (Scheme 99). R. W. Hoffmann and Weidmann proposed the use of 13 C NMR spectroscopy to assign the relative configuration of 1,3-diols and g-alkoxyalcohols. Since these compounds exist predominantly in a hydrogen-bonded conformation, threo and erythro diastereomers show distinct differences in their 13 C NMR spectra. The authors suggested the comparison of the sum of the chemical shifts of the two oxygen-bearing carbon atoms. This sum should be numerically smaller for the threo-1,3-diols than for their erythro counterparts. However, this 'rule' is restricted to simple 1,3-diols or g-alkoxyalcohols and, for example, cannot be applied to g-silyloxyketones. 223 Rychnovsky and co-workers developed the '[ 13 C]acetonide method' to assign relative configuration of 1,3-diol acetonides. 224 syn-1,3-Diol acetonides prefer chair conformations, where one of the acetal methyl groups is axial and the other methyl group is equatorial. The axial methyl group has a The acetonide method has been applied to the configurational assignment of polyene macrolides and many more diols and polyols. 225 
Assignment of Absolute Configuration
The assignment of the absolute configuration of diols using NMR techniques in combination with chiral auxiliaries, or using chiral solvents, has been proposed by several groups. Though several reports exist, 226-228 this highly interesting area is still in its infancy. It will be interesting to see whether the rapidly emerging new NMR techniques 229 can be applied unambiguously to determine, at once, both absolute and relative configurations of 1,3 diols and polyols.
Conclusion
Although many different highly selective and high-yielding methods have been developed, no generally applicable approach exists for the flexible synthesis of polyols and other polyketide-derived structural units. Small structural changes in a molecule may result in low yields or low stereoselectivity with a known method, thus a multitude of methods for the stereoselective synthesis of 1,3-diols has been developed, some of which were presented in this review. The development of new methods to synthesize 1,3-diols stereoselectively remains important, in order to cope with the structural diversity that nature provides in the form of polyketide-derived natural products. 
